Introduction
============

It is estimated that 29% of couples in Germany aged between 30 and 40 years do not have children [@R11917888-1] . In developed countries, unwanted childlessness affects about 9% of all couples, and around half of these couples seek medical help [@R11917888-2] . The German guidelines on the diagnosis and treatment of infertility prior to starting artificial reproductive techniques were published in 2019 [@R11917888-3] .

The diagnostic methods currently used to evaluate infertility patients include cycle monitoring with the detection of ovulation and the evaluation of potential anatomical and functional causes of infertility. Tubal dysfunction, implantation disorders caused by submucosal fibroids, uterine malformations and other infertility-related diseases such as endometriosis must be excluded.

Ovulation detection is performed as part of individual menstrual cycle monitoring. Repeated blood sampling and transvaginal sonography during the menstrual cycle are often required. However, it can be difficult to find the optimal time to schedule patients to come to the fertility clinic for blood sampling and ultrasound examinations.

Ovulatory dysfunction disorders such as anovulation or oligo-ovulation are estimated to account for 21% of female infertility cases [@R11917888-4] . The NICE guidelines recommend using a serum progesterone assay to confirm ovulation in the predicted midluteal phase [@R11917888-5] . The current German guidelines also support this recommendation [@R11917888-3] .

The most important endocrine causes of ovulatory dysfunction are:

-   **Polycystic ovary syndrome (PCOS).** This is the most common female endocrine disorder and affects about 7% of all women of reproductive age [@R11917888-21] . About 85% of ovulation disorders are related to PCOS [@R11917888-5] . PCOS is a combination of hyperandrogenaemia, ovulatory dysfunction, and sonomorphologically typical ovaries with an abundance (\> 12, in more recent guidelines \> 20) of small antral follicles measuring 2 -- 8 mm [@R11917888-6] . In our study, we used the classic sonomorphological criteria for polycystic ovaries which correspond to the Rotterdam criteria [@R11917888-7] .

-   **Diminished ovarian reserve (DOR).** This cause of infertility is strongly related to age. Having postponed the wish to have a child to a later stage in life, a high percentage of women presenting to infertility centres has a reduced ovarian reserve. Other reasons for the loss of ovarian reserve and response to hormonal stimulation include genetic disorders, gonadotoxic treatment and surgery. Although a diminished ovarian reserve is not directly associated with reduced fertility [@R11917888-8] , ovarian reserve must be assessed before planning further treatment, especially artificial reproductive techniques [@R11917888-9] .

-   **Luteal phase deficiency (LPD).** This discrete disorder of the menstrual cycle results in a shortened luteal phase (\< 9 days), spotting, and reduced fertility. The clinical relevance of LPD is critically discussed [@R11917888-10] . There is currently no clinical standard for the diagnosis of LPD. In our study we defined a shortened luteal phase as \< 12 days with a decreased serum progesterone level of \< 30 nmol/l at least 5 days after confirmed ovulation [@R11917888-11] .

Other causes of ovulatory dysfunction include thyroid dysfunction and hyperprolactinaemia.

Fertility awareness methods are based on daily basal body temperature measurements to detect the progesterone-induced postovulatory temperature shift. This symptothermal method uses a combination of morning basal body temperature measurements and assessment of the cervical mucus and has been thoroughly investigated in fertile and infertile couples [@R11917888-12] ,  [@R11917888-13] .

Recently, the use of intravaginal sensors for the continuous measurement of core body temperatures has been proposed for fertility awareness. One vaginal biosensor, developed by VivoSensMedical GmbH, has been used by women since several years to improve their fertility awareness [@R11917888-14] . So far, however, there have been no studies or recommendations on the use of biosensors to diagnose ovulatory disorders.

A prospective interventional study was performed in the department for reproductive medicine of the Technical University of Dresden. The aim of the study was to evaluate the use of continuous core body temperature measurement using an intravaginal biosensor to improve the standard diagnostic procedures used to identify the causes of female infertility.

Material and Methods
====================

Study design
------------

This study was designed as a single-centre, prospective, interventional study. Ethical approval was obtained from the local ethics committee (EK270072013). A vaginal biosensor for the continuous measurement of core body temperatures was used in addition to the standard diagnostic procedures for female infertility. All women presenting to the department of reproductive medicine of TU Dresden between October 2013 and March 2014 were asked to take part in the study. All participants gave their informed consent to the study protocol.

Inclusion and exclusion criteria
--------------------------------

Women aged 18 -- 45 years with a diagnosis of infertility were asked to participate in the interventional study. Exclusion criteria were:

-   Medication with sexual steroids, hormonal contraceptives or gonadotropin-releasing hormone analogues;

-   confirmed, acute genital infection at the time of inclusion;

-   known allergic reaction to the materials used in the vaginal biosensor;

-   participation in other clinical studies in the past 30 days;

-   physical or mental disabilities or other reasons preventing participation in the study (e.g., language barriers).

In the recruitment phase from October 2013 to April 2014, 106 women were initially asked to participate. Forty-seven women could not be included, with reasons for non-inclusion including language barriers (n = 5), older age (n = 1), refusal to participate (n = 18), and other factors (n = 23). Of the 59 women who gave their written informed consent, four women decided against using the vaginal sensor after inclusion into the study. Four more women prematurely discontinued their participation for other reasons, including vaginal infection (n = 1), intolerance of the biosensor (n = 2), and personal reasons (n = 1).

Fifty-one women then underwent a standard diagnostic work-up with concomitant continuous measurement of core body temperatures using the vaginal biosensor.

Diagnostic evaluation of women with infertility
-----------------------------------------------

Prior to cycle monitoring, both partners were asked about their medical history. During cycle monitoring to assess female fertility, the partnerʼs sperm count was analysed in accordance with the 2010 WHO criteria [@R11917888-15] .

Cycle monitoring was performed on at least three defined dates in the cycle and the results were compared with those obtained using standard diagnostic procedures ( [Fig. 1](#FI11917888-1){ref-type="fig"} ). The study protocol provided dates for examinations in the early follicular phase (the 2nd--5th day of the cycle), in the middle of the cycle (preferably on the 12th--14th day of the cycle shortly before ovulation) and in the luteal phase (18th--22nd day of the cycle or seven days after ovulation). Patients with a prolonged cycle were repeatedly seen for further examinations at seven-day intervals. Serum hormones were assessed and ultrasound examinations were performed at each appointment. All participating women were instructed in the use of the biosensor on the first day of cycle monitoring. Women were asked to record their daily activities, sexual intercourse, and special situations in a diary. About half of the women decided to continue using the biosensor for additional no-cost monitoring of their menstrual cycle after the end of the diagnostic cycle and the end of the study period (n = 26).

![ Cycle monitoring according to the study protocol.](10-1055-a-1191-7888-igf01){#FI11917888-1}

FSH, LH, oestradiol, progesterone, and prolactin were assessed using sandwich immunoassay kits (ADVIA Centaur ^®^ , Siemens Healthcare Diagnostics, Inc., Tarrytown, NY, USA), and TSH was measured using TSH sandwich immunoassay (Elecsys ^®^ TSH kit, Roche Diagnostics GmbH, Germany). Radioimmunoassay used to measure total testosterone (Active ^®^ testosterone) and androstenedione, and sex hormone-binding globulin was measured using an SHBG IRMA kit from Beckman Coulter (Galway, Ireland). The radioimmunoassay Immulite ^®^ DHEA-SO4 (Siemens Healthcare Diagnostics, Inc., Tarrytown, NY, USA) was used for DHEAS measurement. ELISA kits were used to measure AMH (AMH Gen II ELISA kit, Beckman Coulter, Galway, Ireland) and 17-OH progesterone (IBL INTERNATIONAL GmbH, Hamburg, Germany). Transvaginal ultrasound scanning was performed with GE Healthcare, Voluson 6 and Siemens Sonoline G50.

Three different methods were used to determine typical menstrual cycle parameters:

1.  Standard cycle monitoring using hormone testing and ultrasound examinations;

2.  Application of body temperature curve rules based on natural family planning (NFP) methods and using the lowest daily temperature obtained from the OvulaRing; and

3.  Application of the proprietary algorithm and standardised analysis of OvulaRing.

The NFP temperature curve rules were used as follows [@R11917888-16] :

Three higher values occurring after six consecutive measurements of lower temperatures were considered to indicate a temperature shift. The third value had to be 0.2 °C higher than the coverline. The coverline connects the highest value of the last six lower temperature values. Two exceptions can occur:

1.  A fourth higher value can be used if the third higher measurement is not 0.2 °C higher than the coverline; this value does not necessarily have to be 0.2 °C above the coverline.

2.  If the second or third elevated measurement is below or on the coverline, this day can be replaced by another elevated value which is 0.2 °C above the coverline. The exceptions must not be combined.

The temperature curves are shown in [Fig. 2](#FI11917888-2){ref-type="fig"} .

![ Temperature curves obtained with the OvulaRing sensor and analysed using the OvulaRing algorithm, conventional cycle monitoring, and temperature change rules based on the curve for lowest body temperatures.](10-1055-a-1191-7888-igf02){#FI11917888-2}

Statistical analysis
--------------------

SPSS Statistics (Version 22.0, IBM) was used for statistical analysis. The Kolmogorov--Smirnov test was used to test normality of metric data. A descriptive statistical analysis of variance (ANOVA) was used to test for significance between multiple mean values. Leveneʼs test was used to confirm equality of variances of compared groups prior to analysis with Studentʼs t-test. The correlation coefficient r was used for linear correlations of metric data.

Receiver operating characteristics (ROC) curves were created for each parameter considered significant with t-test, and upper and lower limits with a high sensitivity and specificity were chosen. P \< 0.05 was considered statistically significant.

Results
=======

Characteristics of the study population and cohorts
---------------------------------------------------

Fifty-one infertile women with a mean age of 33.3 ± 4.6 (24 -- 43) years and a mean body mass index of 23.9 ± 4.8 kg/m ^2^ (range: 17.6 -- 40.5) were examined. 68.6% of the women had primary infertility and 31.4% had secondary infertility. The mean duration of infertility for all couples was 29.3 ± 23.6 months (range: 9 -- 120). A comparison using data from the German IVF registry [@R11917888-22] did not show any significant differences with regard to age (33.3 vs. 35.2 years, p = 0.690) or duration of infertility (2.4 vs. 3.7 years, p = 0.545) at the time of the study.

During the follow-up period of 18 months, 23 observed couples who were still receiving treatment had 19 pregnancies, with a mean time of 6.9 months to pregnancy.

Results of cycle monitoring and continuous body temperature measurement
-----------------------------------------------------------------------

Diagnostic cycle monitoring was done in the 51 women in accordance with the study protocol ( [Fig. 1](#FI11917888-1){ref-type="fig"} ). Mid-luteal assessment to confirm ovulation was repeated over eight cycles. 51 women continuously measured their body temperature throughout their menstrual cycle; however, four temperature curves had relevant measurement gaps due to removal of the sensor.

Detection of ovulation
----------------------

Ovulation was detected in 47 women using cycle monitoring and elevation of progesterone levels to over 5 nmol/l, confirming the luteal phase. Three women had anovulatory cycles; no ovulation was detected even after prolonged cycle monitoring with repeated controls. In one woman with delayed follicular maturation and, presumably, late ovulation, the luteal control was not repeated. Due to the lack of data, it was not possible to distinguish luteinised unruptured follicle syndrome from luteal insufficiency in this woman.

In four women, the estimated date of ovulation could not be reliably determined with cycle monitoring based on hormone assessment. In five cycles, the total cycle length could not be calculated due to spontaneous pregnancy (n = 2) or substitution with natural micronized progesterone (n = 3).

There were no significant differences in determining the estimated day of ovulation, follicular phase and luteal phase length between cycle monitoring and continuous temperature measurement (p = 0.267) ( [Table 1](#TB11917888-1){ref-type="table"} ). However, there were highly significant differences in the date of temperature shift and the length of low and high temperatures when the rules on the lowest daily body temperature curve were used compared to the OvulaRing algorithm and standard cycle monitoring (p \< 0.001).

###### 

**Table 1**  Detection of ovulation by hormonal assessment, OvulaRing algorithm for continuous body temperature curves, and analysis of the lowest body temperature curve using selected rules on temperature changes.

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Method                                                                             Estimated ovulation day                                              Follicular phase = days before temperature shift   Luteal phase = days after day of temperature shift
  ---------------------------------------------------------------------------------- -------------------------------------------------------------------- -------------------------------------------------- ----------------------------------------------------
  Hormonal cycle monitoring                                                          n = 44:\                                                             n = 45:\                                           n = 40:\
                                                                                     On cycle day 14.18 ± 3.84 (day 10 -- 31)                             Mean duration: 13.38 ± 3.9 (9 -- 30 days)          Mean duration: 13.05 ± 1.58 (10 -- 18 days)

  OvulaRing algorithm                                                                n = 42:\                                                             n = 42:\                                           n = 40:\
                                                                                     On cycle day 15.31 ± 4.94 (day 8 -- 34)                              Mean duration: 14.31 ± 4.94 (7 -- 33 days)         Mean duration: 12.85 ± 1.69 (10 -- 16 days)

  Application of a subset of NFP rules to interpret lowest body temperature curves   n = 43:\                                                             n = 45:\                                           n = 41:\
                                                                                     Temperature shift occurred on cycle day 17.19 ± 4.8 (day 12 -- 36)   Mean duration: 16.67 ± 5.22 (11 -- 35 days)        Mean duration: 11.76 ± 1.96 (8 -- 17 days)
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The mean daily amplitudes using the OvulaRing algorithm and curves could be calculated for the entire cycle (n = 48, mean: 1.37 ± 0.14, 1.13 -- 1.73 °C) as well as the periods of low temperatures (n = 47, mean: 1.47 ± 0.14, 1.17 -- 1.73 °C) and high temperatures (n = 41, mean: 1.23 ± 0.11, 1.05 -- 1.41 °C). There was a significant difference between daily amplitudes. The duration of the temperature rise (n = 42, mean: 2.76 ± 1.38, 1 -- 6 days) and the difference in temperature (n = 41, mean: 0.47 ± 0.10, 0.26 -- 0.69 °C) were determined. Missing values were due to gaps in measurement, progesterone substitution, febrile infections, and pregnancies.

Luteal phase deficiency (LPD)
-----------------------------

Serum progesterone levels could be evaluated in 42 women, luteal phase length was confirmed in 40 patients, and both parameters were determined in 38 women. Short luteal phase was detected in seven women, low progesterone levels in nine, and both values were abnormal in three women. The temperature curves of women with signs of LPD showed statistically significant differences compared to the group of women with normal luteal phase function:

-   shorter period of elevated temperatures according to lowest daily body temperature analysis based on selected rules for temperature changes, p \< 0.001;

-   shorter luteal phase as confirmed by the OvulaRing curve, p = 0.012;

-   higher total daily amplitudes over the whole cycle (OvulaRing), p = 0.021;

-   higher amplitude in the luteal phase with elevated temperatures (OvulaRing), p = 0.038.

Polycystic ovary syndrome (PCOS)
--------------------------------

Hyperandrogenaemia was detected in 14 women who had an elevated FAI (ratio of total testosterone/SHBG × 100, upper normal value for females 3.5). Ovaries showing typical signs of PCOS were confirmed in 20 women, and oligo-/anovulation in five women [@R11917888-7] . Using the Rotterdam criteria, PCOS was confirmed in 10 women, of whom three showed all criteria, one had hyperandrogenaemia and oligo-/anovulation, five had hyperandrogenaemia and polycystic ovaries, and one had both polycystic ovaries and oligo-/anovulation.

The temperature curves of women with positive Rotterdam criteria were compared with those of women with normal values.

No significant differences could be detected for the correlation of hyperandrogenaemia (n = 14) with duration of follicular phase/duration of lower temperature phase (p = 0.06).

The temperature curves after oligo-/anovulation could not be reliably analysed in this subgroup because of the small number of cases (n = 5).

However, women with PCOS-typical ovarian sonomorphology (n = 20) had a significantly

-   longer total menstrual cycle (p = 0.007), follicular phase (OvulaRing; p = 0.022) and lower temperature phase based on the analysis of lowest daily body temperatures using selected rules on temperature changes (p = 0.01);

-   later ovulation date based on OvulaRing analysis (p = 0.022) and a later temperature shift according to NFP methods of temperature analysis (p = 0.009).

The temperature curves of women diagnosed with PCOS based on the Rotterdam criteria also showed significant differences compared to the other women in the study. Women with PCOS had:

-   a longer lower temperature phase based on the analysis of lowest daily body temperatures using selected rules on temperature changes (p = 0.004);

-   a later temperature shift based on the analysis of lowest daily body temperatures using selected rules on temperature changes (p = 0.03);

-   higher total daily amplitudes based on the data collected with the OvulaRing (p = 0.014).

### Diagnostic quality of continuous body temperature curves analysed using OvulaRing and selected rules on temperature changes occurring in lowest daily body temperature curves

The ROC curve for the diagnostic criteria of luteal phase deficiency using the OvulaRing algorithm and selected rules on temperature changes in lowest daily body temperature curves are shown in [Fig. 3 a](#FI11917888-3){ref-type="fig"} . For the diagnosis of PCOS with Rotterdam criteria, ROC curves were used to determine diagnostic limits with appropriate levels of sensitivity and specificity ( [Fig. 3 b](#FI11917888-3){ref-type="fig"} ).

![  **a**  ROC curve of significant parameters for diagnosing LPD using cycle monitoring; **b**  ROC curve of significant diagnostic parameters for diagnosing PCOS based on the Rotterdam criteria. NFP = use of selected rules on temperature changes which are used to analyse lowest daily body temperature curves.](10-1055-a-1191-7888-igf03ab){#FI11917888-3}

Thyroid dysfunction and hyperprolactinaemia
-------------------------------------------

To evaluate thyroid function, TSH (thyroid-stimulating hormone) levels were assessed in all 51 study participants at the time of continuous temperature monitoring. Mean values were 1.8 ± 0.8 mU/l (range: 0.14 -- 3.92). In 12 women, levels were controlled through substitution with L-thyroxine. Treatment with L-thyroxine was initiated prior to the diagnostic work-up. Nine women had values of more than 2.5 mU/l. A comparison of the temperature curves of women with elevated TSH \> 2.5 mU/l with those of women with TSH \< 2.5 mU/l showed no significant differences. The normal distribution of TSH values is shown in [Fig. 4 a](#FI11917888-4){ref-type="fig"} .

Serum prolactin was also evaluated in all 51 women. The mean value was 209.3 ± 81.1 mU/l (range: 80 -- 402), and all values were within the normal range of 59 -- 619 mU/l. No differences in temperature curves were found which correlated with prolactin levels. The nearly normal distribution of prolactin levels is shown in [Fig. 4 b](#FI11917888-4){ref-type="fig"} .

![ Normally distributed TSH ( **a** ) and prolactin ( **b** ) levels.](10-1055-a-1191-7888-igf04ab){#FI11917888-4}

Diminished ovarian reserve (DOR)
--------------------------------

The diagnosis of diminished ovarian reserve was based on the following diagnostic parameters: AMH (\< 1.0 ng/ml), antral follicle count (\< 7/ovary), follicular phase length (\< 12 days) or cycle length (\< 25 days), increased basal FSH (\> 8.0 U/l) and basal oestradiol (\< 50.0 pg/ml), or normal basal FSH but increased basal oestradiol (\> 80.0 pg/ml) as signs of early follicular recruitment. Nine women were diagnosed with diminished ovarian reserve. These women had a higher mean age (35.7 ± 4.9 years) compared to a mean of 32.8 ± 4.4 years in women with normal ovarian reserve (p = 0.090). A shorter follicular phase, earlier ovulation, shorter low temperature period, and earlier temperature shift were noted, but the differences did not reach statistical significance.

Discussion
==========

Traditional cycle monitoring prior to infertility treatment with repeated hormone assessments and vaginal ultrasound examinations on three or more days during a single menstrual cycle is associated with a high expenditure of time for patients and higher costs. Since each menstrual cycle may differ inter- and intra-personally, some of these examinations may be without benefit and may therefore have to be repeated. Continuous core body temperature measurement could improve or even replace the traditional diagnostic procedures used to analyse menstrual cycles prior to infertility treatment. This study analysed the possible benefits and costs of concomitant continuous temperature measurement with a vaginal biosensor for the diagnosis of female infertility caused by ovulatory dysfunction.

Detection of ovulation and duration of follicular phase
-------------------------------------------------------

In our study, both continuous temperature measurement and traditional cycle monitoring were successful in detecting ovulation. Differentiating between oligo- and anovulation was sometimes difficult using only conventional cycle monitoring or the OvulaRing algorithm. After the detection of ovulation with conventional cycle monitoring, three women were treated with vaginal progesterone. These cycles were therefore excluded.

In four women, conventional cycle monitoring was not able to successfully determine the date of ovulation. Reasons for this were difficulties in scheduling appointments at the right time (n = 3) and, in the case of one woman, discontinuation of monitoring because of a longer cycle length.

In seven women, continuous temperature monitoring did not result in the determination of the date of ovulation. The reasons in these cases were more complex:

-   measurement gaps due to ring removal (n = 4);

-   false detection of ovulation because elevations in temperature were very brief (n = 2);

-   feverish infection during the periovulatory period (n = 1).

Using the selected NFP rules on temperature changes to determine the shift in lowest daily body temperature, it was always possible to differentiate between monophasic and biphasic cycles, provided that the evaluation was not skewed by measurement gaps, fever, or progesterone substitution.

The day of ovulation could be determined in 44/47 women (93.6%) using conventional cycle monitoring and in 42/47 women (89.4%) using the continuous temperature measurement algorithm. This difference was not significant. When cycle monitoring was combined with continuous temperature measurement, ovulation date and oligo- or anovulation could be determined in all women with ovulation (100%).

Luteal phase deficiency
-----------------------

Luteal insufficiency is considered to be a symptom of various hormonal disorders that should be primarily diagnosed and treated [@R11917888-10] . Clinical relevance is usually only assumed when luteal insufficiency has been confirmed in several cycles.

The women in our study (n = 15) who met the most common diagnostic criteria for luteal insufficiency (shortened luteal phase and/or insufficient progesterone levels at least five days after ovulation) were found to have a significantly shorter luteal phase as measured by OvulaRing, a shorter elevated temperature phase after the temperature shift, and higher daily elevation amplitudes.

A dose--response relationship in the range of 1.6 to 19 nmol/l (0.5 to 6 ng/ml) between progesterone levels and body temperature has been reported in previous studies [@R11917888-17] . The relevant range is therefore below the limit of 30 nmol/l. This explains why the difference between highest and lowest temperatures cannot be used to diagnose luteal insufficiency. In addition, not all temperature parameters which are used to determine follicular phase and ovulation time were significant for a diagnosis of luteal insufficiency. However, the parameters "luteal phase length" and "daily amplitude" (for the total cycle and the elevated temperature phase) appear to be suitable indications for a diagnosis and can facilitate and improve a previous diagnosis based on continuous temperature measurements with the OvulaRing. It is assumed that the effect on temperature amplitudes is mainly caused by the relatively longer follicular phase in relation to the shorter duration of the luteal phase, which influences the average daily amplitude.

Especially with late ovulation, it proved difficult to determine progesterone levels at the optimal time using only cycle monitoring. The time of progesterone determination to estimate the date of ovulation can be planned more precisely and individually in advance, based on cycles previously measured with OvulaRing or fertility awareness methods. Using continuous temperature measurements from a number of cycles to create a cyclofertilogram, the assessment of serum progesterone can be reliably optimised after determining the day of temperature shift. The diagnostic procedures to determine luteal insufficiency can be synchronised with the individual menstrual cycle and reduced to a single assessment. Only if progesterone assessment is timed correctly can luteal insufficiency be diagnosed precisely and reliably.

Treatment of LPD to lengthen the luteal phase is uncomplicated, with luteal phase support frequently administered to women with infertility, even without a confirmed indication, in the form of oral or vaginal progesterone or synthetic progestins. Luteal phase support administered without an indication or medical necessity leads to unnecessary costs and side effects, which can include breast tenderness, fatigue, nausea, and dizziness.

Although the current guidelines recommend assessing progesterone in the luteal phase to confirm ovulation, the clinical relevance of a diagnosis of luteal phase deficiency is debated. If only the variable "short luteal phase" based on temperature monitoring had been used to assess LPD, 6/15 women in our study would not have been diagnosed. The combination of hormonal cycle monitoring with temperature curves obtained using the OvulaRing or other reliable methods was useful to determine the optimal time for progesterone assessment without requiring repeated consultations.

The diagnostic values for LPD determined with ROC curves in our study should be validated in a larger study population. The reduced number of days with elevated temperatures can be used to diagnose luteal insufficiency, although it would not be effective to diagnose LPD in some women. The diagnostic power of the combined parameters could be used in future to diagnose luteal phase deficiency even without measuring serum progesterone levels.

Polycystic ovary syndrome (PCOS)
--------------------------------

PCOS is the most common endocrine disorder in women and its prevalence in the general population is reported to be between 4.8 and 19.9% [@R11917888-18] . This corresponds to the percentage of women in our study (19.6%) with a diagnosis of PCOS who met at least two of the three Rotterdam criteria. The prevalence of PCOS in women who undergo ART cycles in our centre of reproductive medicine is 16.6% [@R11917888-19] .

In our study, significant differences were seen in the cyclofertilograms of women with PCOS compared to women without PCOS. Analysis of basal body temperature curves showed that the temperature shift occurred significantly later. The daily amplitude of temperature changes measured by the OvulaRing also showed significant differences. However, total cycle length, follicular phase length based on cycle monitoring, and follicular phase length based on analysis using the OvulaRing algorithm did not show significant changes between the groups of women with PCOS and those without. Despite prolonged follicular maturation in women with PCOS, the length of the luteal phase was normal. The significant changes in total daily amplitudes are very likely due to the altered relationship between the longer follicular phase and the normal luteal phase. Because of the longer follicular phase, the higher daily amplitudes during the follicular phase pushes up average amplitude values.

Depending on the combination of Rotterdam criteria, detection rates for PCOS subgroups evaluated with cycle monitoring based on temperature measurements differ. PCOS subgroups with polycystic ovarian morphology in particular showed a stronger correlation with the parameters of the OvulaRing. There was no clear association between hyperandrogenaemia and analysed cycle parameters. The prolonged follicular phase in women with PCOS can be easily determined using temperature curves, even though the criteria of oligo-/anovulation is not met.

The cut-off values for PCOS determined with ROC curves need to be verified in a study with a larger sample size. In a larger study, a diagnostic score could be developed using different valid parameters for continuous temperature measurements. Such a score could combine the three parameters "prolonged duration of follicular phase of more than 19 days", "temperature shift using NFP criteria of \> 20 days", and "mean daily amplitude of more than 1.39 °C during the total cycle".

We suggest that a continuous temperature curve or BBT curve measured for a period of more than three months could easily be analysed using this algorithm and would facilitate a diagnosis of PCOS. In our clinic, only testosterone and SHBG are usually measured during basal hormone analysis. If PCOS is already suspected preclinically, extended androgen diagnostic procedures with additional measurement of DHEAS, androstenedione, and 17-OH progesterone could be carried out during the first examination.

DOR, thyroid dysfunction, hyperprolactinaemia
---------------------------------------------

No significant temperature parameters were found for the other three investigated hormonal disorders (diminished ovarian reserve, thyroid dysfunction, and hyperprolactinaemia). In the case of limited ovarian reserve, AMH levels are mainly used for diagnostic purposes. AMH levels decrease long before cycle changes such as shortened follicular phase or total cycle length occur. These changes tended to be not significant in patients with reduced AMH levels.

The TSH levels of patients with thyroid dysfunction were normal or discretely elevated in women with infertility. None of the women had hyperprolactinaemia. Cycle changes with a prolonged cycle duration are theoretically expected in women with significantly elevated TSH levels and/or clinical hyperprolactinaemia. However, this study should be repeated in a larger group with a higher mean age.

Practical use
-------------

The additional benefit of continuous temperature measurement with a vaginal biosensor for standard diagnostics in women with infertility was shown in this study, especially in the detection of ovulatory disorders. However, the measurement of core body temperature alone cannot replace diagnostic procedures for infertility. Continuous temperature measurement with the vaginal body temperature sensor OvulaRing provides reliable data for determining individual cycle phases and identifying late ovulation. Combining continuous temperature measurement with a reduced form of cycle monitoring could save both costs and time. ( [Fig. 5](#FI11917888-5){ref-type="fig"} ).

![ Proposed diagnostic procedure using basal hormonal and sonographic assessments and temperature measurements to diagnose female infertility.](10-1055-a-1191-7888-igf05){#FI11917888-5}

Based on the results of our study, we would recommend a single examination carried out at the beginning of the menstrual cycle consisting of standard evaluation of hormone levels, including TSH, prolactin, AMH, FSH, oestradiol, and LH, and vaginal sonography carried out at the same time to exclude anatomical or functional causes of infertility and perform antral follicle counts of both ovaries. After this examination, continuous vaginal temperature measurement can be used to obtain data on the individual menstrual cycle/create a cyclofertilogram. If the luteal phase shows abnormalities suggesting luteal phase deficiency, progesterone levels should be determined at the optimal time which is at least five days after the rise in temperature in the subsequent cycle. If this combination of procedures is used, it would be possible to omit the two additional standard appointment to assess hormone levels and carry out vaginal ultrasound scans in the middle and second half of the cycle while achieving equivalent diagnostic results. Patients would benefit from the reduced number of appointments and the lower cost.

Limitations of the study
------------------------

If the standard combined hormonal and sonographic evaluation of fertility is replaced with a vaginal biosensor to measure core body temperature changes during the menstrual cycle, a serious limitation of this approach would the lack of any examination to detect hormonal or anatomical disorders. A comprehensive diagnosis of female infertility can only be obtained if continuous body temperature measurements are combined with an initial appointment consisting of a vaginal ultrasound examination and a standard set of hormonal assessments. Because of the relatively small number of analysed cycles in our study, the values obtained during cycle monitoring and analysed using NFP rules for temperature changes and the OvulaRing algorithm are still only initial results and must be repeated and confirmed in the context of larger studies.

Another limitation of this analysis is the lack of a control group. The use of fertility awareness rules to analyse the lowest daily temperatures obtained from the OvulaRing data served this purpose. The NFP rules on temperature changes were applied, even though they were originally developed for use with basal body temperatures and not with lowest daily temperatures that are not correlated with activity levels or morning waking temperatures. Another weakness is that the rules on temperature changes were applied even though no data on cervical mucus changes were obtained. In further studies, women who use the NFP method after receiving individual training could serve as a more reliable control group.

Up to now, there are no studies showing that the lowest body temperature recorded by a continuous temperature sensor can be used to calculate fertile days with the same accuracy as the morning waking temperature method. Existing studies only show data for the analysis of continuous temperature curves, with proprietary algorithms used for curves recorded with different vaginal biosensors [@R11917888-14] ,  [@R11917888-20] .

We found that the lowest nocturnal temperature can also be reliably determined with other devices. Nevertheless, continuous temperature measurements were useful to determine the investigated parameters "daily temperature amplitude (total, low, and high)", "follicular phase length", "estimated ovulation date", and "luteal phase length".

The cost of the OvulaRing for the routine diagnosis of infertility must be considered. Women with no chance of spontaneous conception will not benefit from a precise evaluation of their fertility window in subsequent menstrual cycles. An alternative to cost-intensive cycle monitoring with the OvulaRing is individual NFP training based on the self-assessment of basal body temperatures and cervical mucus.

Of course, not every woman will wish to wear a vaginal sensor. In this study, 22/106 patients who presented to our fertility centre rejected the use of a vaginal sensor for vaginal temperature monitoring. Four women initially wore the OvulaRing but decided not to continue with the sensor. However, 90% of the women who decided to use the OvulaRing were very satisfied with the device and welcomed the opportunity to obtain additional information about their menstrual cycle. They confirmed that they would continue to use the OvulaRing.

Conclusions
===========

This study was designed to interpret the continuous body temperature data of a single diagnostic menstrual cycle and compare the diagnostic value of standard cycle monitoring using hormonal assessment and ultrasound scans with lowest measured body temperatures analysed using selected NFP rules on temperature changes and the analysis of continuous body temperature curves using the algorithm of the OvulaRing sensor. The possible additional value as a diagnostic method for hormonal causes of female infertility was analysed retrospectively. Forecasting the next cycle was not the focus of this study.

We propose a new diagnostic standard consisting of reduced routine screening but with the addition of temperature measurements throughout the diagnostic cycle to determine the causes of female infertility. The use of selected rules on temperature changes to interpret the lowest body temperature curve and the algorithm of a vaginal biosensor such as OvulaRing ^®^ could improve standard diagnostic procedures, especially in women with longer and irregular cycles.
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